There is growing concern (1) that a large number of man-made chemicals that have been released into the environment can disrupt the endocrine systems of animals and humans. Among the chemicals of concern are the persistent, bioaccumulative organohalogen compounds that include some pesticides and industrial chemicals such as polychlorinated aromatics, other synthetic products, and some metals. Possible mechanisms by which these chemicals may interfere with endocrine function include their ability to mimic natural hormones (both as agonists and antagonists), including recognition of their specific binding sites, ability to react directly or indirectly with hormone structure to alter it, and ability to alter the pattern of hormone synthesis or modulate hormone receptor numbers and affinities. The polychlorinated biphenyls (PCBs) are known or suspected to express biological activities through most, if not all, of these mechanisms.
PCBs are mixtures of chlorinated aromatic chemicals manufactured by chlorination of biphenyl under suitable conditions for varying the percentage by weight of chlorine incorporated. The chemical structure ( Fig. 1) of PCBs can be represented in a general way, where n,n' is the number of chlorine atoms replacing hydrogen atoms in each ring. A total of 209 different congeners are theoretically possible, but less than half that number appear to account for nearly all of the environmental contamination attributable to PCBs. If potential toxicity, environmental prevalence, and relative abundance in animal tissues are considered as criteria, the number of environmentally threatening congeners decreases to fewer than 50. Furthermore, fewer than 25 of these may account for most of the total PCB burden in tissues of invertebrates, fish, birds, and mammals (2) .
PCBs were discovered before the turn of the century, and their usefulness in industry as, for example, dielectric and heat-exchange fluids with desirable physical properties, was recognized early. Their chemical resistance and neutral organic chemical nature have led to widespread distribution in the environment, including food webs. Now PCBs are almost entirely restricted to use in closed systems. Human exposure to PCBs has resulted largely from the consumption of food, but occupational exposure also results from inhalation and skin absorption. PCBs accumulate in the fatty tissues of humans and other animals. In turn, PCBs have caused toxic effects in humans and animals. The skin and liver are major sites of pathologic change, and other targets include the gastrointestinal tract, the immune system, and the nervous system. Studies in animals suggest that some PCB congeners may be carcinogenic and that they can promote the carcinogenicity of other chemicals. Such toxicological properties, both qualitatively and quantitatively, often are congener specific with remarkable dependence on number and position of chlorine substitutions. Structural patterns can thus be used to discriminate among PCB congeners on the basis of toxic potential, if not entirely on toxicity per se (3, 4) .
The toxic effects of PCBs appear to involve at least three types of basic mechanisms of action: 1) reversible interaction (binding) of the PCB with specific molecular sites of action such as receptors, enzymes, etc., 2) irreversible covalent interaction (binding) between the PCB (probably a reactive metabolite) and target molecules (particularly macromolecules such as DNA and proteins), and 3) accumulation of highly lipid-soluble, metabolically stable PCBs in lipid-rich tissues or tissue compartments. The same or different structural properties may be involved in the expression of these toxic effects. Of particular interest to this discussion is the use of es are possible and may be important in the expression of certain forms of toxicity such as the reported association of chronic respiratory effects with methylsulfone metabolites of certain PCB congeners (3). Although other structural features and reactivities of PCBs are possible, they have been less studied in an SAR framework. For example, certain pure phenobarbital (PB)-type inducing PCBs with ortho substitutions cause hepatomegaly and exhibit activity as promoters in short-term bioassays for carcinogenesis (3) . The structural basis for these activities is not clear, but they may be more a function of specific substructural features than overall PCB structure consistent with the many diverse structures known to act as PB-type inducers.
Reactivity Models and Predictions Stacking Models
In attempting to understand the relationship between PCB structure, chemical reactivity, and biological activity, theoretical models for relevant biological activities based on PCB molecular parameters have been sought (7) . A planar (or energetically favorable coplanar) aromatic ring system is the primary structural feature that is found in all known high-affinity ligands for the Ah (or dioxin) receptor, which include both halogenated and nonhalogenated aromatic compounds. Several lines of evidence (7, (15) (16) (17) (19, 20) . The relative binding affinities to the Ah receptor can be viewed as a measure of the "stacking reactivity," which can be related directly to dioxin (TCDD) and expressed as dioxin equivalents (3). This modeling work has implications in understanding the natural role and function of the Ah receptor.
Cleft-type Models
Another important structural property in determining PCB dioxin -like toxicity is the presence of lateral chlorine substitution in the molecular structure. However, this is not always a requirement for high-affinity binding to the Ah receptor such as found for certain polynuclear aromatic hydrocarbons (PAHs). As discussed above, this structural requirement for high toxicity suggests the involvement of other binding sites with C-shaped molecular cavities or clefts with viselike properties in the molecular recognition process. A binding model of this type that has been extensively studied is the prealbumin or transthyretin interaction model. The importance of lateral substitutions in binding both thyroid hormone analogues and PCBs has been well documented (10, 11) (Fig. 4) (24) . For both PCBs and CDEs, chlorine substitutions provide steric constraint that defines the minimum energy conformation of the aromatic rings.
However, the effects on overall conformational properties and structure can be quite different in the context of having an accessible planar face for a stacking-type interaction to occur as postulated for the dioxin-receptor-binding interaction. In the case of PCBs, any degree of ortho substitution substantially raises the energy barrier to internal rotation about the pivot bond (25) , and it is likely that ortho-PCBs interact with the dioxin receptor in their nonplanar minimum energy conformations (26) . Therefore, to the extent that toxicity is truly mediated by coplanar conformers, ortho-PCBs are likely to be relatively nonVolume 102, Number 3, March 1994 ---A.
-IEM Zs Figure 6 . Space-filled model showing the effects of ortho-chlorine substitution in a tri-ortho-substituted chlorinated diphenyl ether. Note the relationship (in plane or in x-cloud) of chorines to stacking ring (as in Figure 3 ).
toxic. Lethality in guinea pigs may be an example (10) of this because the nearly isosteric 3,3',4,4',5,5'-hexachlorobiphenyl is about 1/100 as toxic as dioxin (reflecting the energy cost to achieve a coplanar state) and the structurally related 2,3,3',4,4'5,5'-heptachlorobiphenyl is relatively nontoxic at significantly larger (>10-fold) doses. In the case of CDEs, the effects of ortho substitution on dioxin-receptor-binding are likely to have an enhancing effect. Ortho substituents provide desirable minimum-energy conformations (Fig. 3) because the rings now approach a mutually perpendicular relationship with an accessible planar face for entering into stacking interactions. An additional enhancing effect is realized because there is less energy cost (more favorable binding free energy from freezing out rotatable bonds) required to position the more rigid binding groups. A similar effect of ortho substituents in hydroxylated PCBs in enhancing estrogen receptor binding was previously described (22) . Although other binding modes are possible, they are somewhat less favored energetically, but in general also seriously limit the accessibility of the other phenyl ring system in entering into other binding interactions such as those involving lateral substituents.
Recent work (27, 28) has shown interesting differences in the structure-activity relationships for CDEs as compared to PCBs. The evidence suggests that both classes of compounds can produce dioxinlike toxic effects mediated by binding to the dioxin receptor. For example, nonortho-but laterally substituted CDEs were less toxic than their mono-ortho-substituted analogues, and similar results were also observed for their enzyme-inducing potencies. Active congeners were also shown to include CDEs with multiple ortho-substitutions. These results are consistent with the anticipated enhancing effects of ortho substitution in CDEs on dioxin receptor binding through a stacking molecular mechanism as previously predicted (7).
In addition, an interesting result was found (28) in certain highly chlorinated CDEs that contain multiple ortho substitutions, especially in both rings. The potencies were shown to be similar to those found (27) for the non-ortho-and monoortho-substituted compounds previously studied. It is apparent that high degrees of ortho substitution in CDEs do not significantly diminish their Ah-receptor-mediated responses as seen for the PCBs. It is proposed that in these cases increased conformational restriction is brought about by additional steric interactions between the ring systems. The favored conformers would place the adjacent ortho-chlorine in the plane of the stacking ring (see Figure  3) , which could influence the nature of the stacking interaction. Highly chlorinated diphenyl ethers, especially with high degrees (three or four ortho-chlorines) of ortho substitution, would increase the polarizability and steric rigidity of the system, both expected to further enhance a stacking interaction. It is anticipated that the stacking ring would be the most highly substituted ring, although this is not always clear (e.g., when both rings contain the same number of chlorines). However, high degrees of ortho substitution would not only lead to chlorine atoms positioned in the stacking plane but also to close through-space interactions of ortho-chlorine atoms with the face of the adjacent aromatic ring system (Fig. 6 ). This latter effect can be relieved somewhat in the absence of meta-chlorine substituents that buttress the adjacent ortho substituent (29 (32) with nine CDEs in mice, 2,2',4,5,6'-penta-and 2,3',4',6-tetrachlorodiphenyl ether resulted in the loss of litters at relatively low doses. Both of these CDEs contain one di-ortho-substituted ring, and the other has lateral (meta, para) substituents, but they are not fully ortho substituted to maximize the steric Environmental Health Perspectives~~~M ugllsm
interactions shown in Figure 6 . These results appear to be consistent with the structural requirements of active congeners predicted by our models. In contrast, the lateral arrangement of the ortho-diiodophenolic structure in the outer ring of thyroid hormones is an important feature characterizing the binding of all three major transport proteins (globulin, prealbumin, and albumin), and is the sole major binding feature for albumin. In fact, the T4 binding proteins appeared to be ideally suited to bind lateral substituted chlorinated aromatic compounds such as the lateral (meta, para) substituted PCBs. Molecular modeling and experimental studies (10,11) now provide considerable support for this hypothesis. The best binders (four-to eightfold better than T4) have only lateral chlorine substituents, and additional ortho-chlorines do not lower binding much (two-to threefold better than T4). One lateral chlorine (as in the 2,4,6-pattern) is sufficient for appreciable (about half T4) binding activity. When no chlorines (biphenyl) or all (2,2',6,6') ortho positions are filled, the compounds show no binding activity. As persistence in the environment and in biological tissues usually equates to a high degree of lateral substitution, it is anticipated that most, if not all, PCB residues found in human tissues are likely to effectively bind this family of proteins. It is also known (10, 11, 35) that hydroxy PCBs can bind this family of proteins, which suggests that certain PCB hydroxylated metabolites could produce the same or similar responses associated with binding. Similar SAR results (11) were shown for a T4 nuclear-binding protein (12) and the microsomal deiodinase (36) For the ortho-substituted congeners, the link to specific toxic endpoints are not well established, and it is likely that multiple mechanisms are involved. To some extent, quantitative differences in responses appear to be due to variations in the degree of coplanarity or conformational restriction (both dependent on degrees of ortho substitution) or accessibility of planar faces and laterality that exists among the PCB congeners. Agonist and antagonist effects may also depend on variations and combinations of the important reactivity properties (kinds and amount) among the congeners. There appear to be some areas of overlap between the two PCB classes such as the weak dioxinlike properties of certain mono-ortho-substituted PCBs, but the significance of this is not fully understood. As ortho substitution in biphenyls is expected to lower their dioxinlike binding properties in biological systems, one might anticipate differences in their toxicokinetic properties based on the degree of ortho substitution (45) .
As suggested earlier, PCBs may interfere with endocrine function in various ways. Their ability to directly mimic natural hormones (both as potentially potent and persistent agonists and antagonists) including recognition of their specific binding sites is emerging as a guiding concept in the case of the thyroid and estrogenic steroid hormones. Indirect effects might include alterations in the receptor number or affinity of other hormones involved in multihormonal regulating systems. For example, there is evidence (46) for a direct effect of thyroid hormone on the hepatic synthesis of estrogen receptors.
The antiestrogenic action of dioxin (4/) and possibly coplanar PCBs (48) in downregulating estrogen receptors could be related to their potential thyromimetic properties. Toxicity could result from overor underexpression of normal hormonal responses that may be mediated by both receptor and nonreceptor protein and associated DNA interactions. For example, recent work (49P) suggests that the human estrogen receptor structural gene contains a DNA sequence that binds activated mouse and human Ah receptor.
The potential for reproductive and developmental toxicity (50) is of particular concern. Thyroid hormones are known to be essential for brain development (51) , and many investigators (52) 
